Impacts and Detection of Non-Condensable Gas in a Residential Air Source Heat Pump by Hu, Yifeng et al.
Purdue University 
Purdue e-Pubs 
International Refrigeration and Air Conditioning 
Conference School of Mechanical Engineering 
2021 
Impacts and Detection of Non-Condensable Gas in a Residential 
Air Source Heat Pump 
Yifeng Hu 
University of Nebraska-Lincoln, United States of America, yifeng.hu@huskers.unl.edu 
David P. Yuill 
Yuxuan Chen 
Follow this and additional works at: https://docs.lib.purdue.edu/iracc 
Hu, Yifeng; Yuill, David P.; and Chen, Yuxuan, "Impacts and Detection of Non-Condensable Gas in a 
Residential Air Source Heat Pump" (2021). International Refrigeration and Air Conditioning Conference. 
Paper 2244. 
https://docs.lib.purdue.edu/iracc/2244 
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. 
Please contact epubs@purdue.edu for additional information. 
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at 
https://engineering.purdue.edu/Herrick/Events/orderlit.html 
  
















            
            
        
               
               
           
                
                 
             
              
           




           
              
              
                  
              
            
          
                
             
                  
             
   
 
                 
            
              
             
              
           
 
              
            
             
210040, Page 1
Impacts and Detection of Non-Condensable Gas in a Residential Air Source Heat Pump
Yifeng HU*, David P. YUILL, Yuxuan CHEN
Durham School of Architectural Engineering and Construction, University of Nebraska – Lincoln, 




Non-condensable gas (NC) introduced into a vapor compression air-conditioner or heat pump system by improper
system evacuation during an installation or repair has negative impacts on the performance of the system. The NC’s
partial pressure combines with the refrigerant pressure, increasing the condenser’s total pressure, hence increasing the
compressor specific work, leading to reduced efficiency for the system. Although the impacts of NC can be significant
and the fault is believed to be common, little research has been conducted on this fault, compared with other faults.
This paper describes a study of NC faults that includes two experimental investigations. The first considers the impacts
on performance at four operating conditions when NC faults are introduced to a fault-free system. The study also tests
the impacts of NC when added to combinations of other types of faults. Laboratory test results from a 4-ton residential
heat pump system are provided. This system was tested with NC at two intensity levels, in combination with:
undercharge, overcharge, improper evaporator airflow, and liquid line restrictions. Combinations of two, three, and
four simultaneous faults were tested. A second experimental investigation tests the accuracy of a field diagnostic
method for NC faults, and a new diagnostic model is provided to quantify NC fault intensity in the field.
1. INTRODUCTION
Non-condensable gases (NC), such as air or nitrogen, can enter a vapor-compression refrigeration cycle during
installation or servicing if the system is not fully evacuated prior to adding refrigerant. These gases do not condense
in the cycle’s condenser, so their presence can reduce the efficiency of the system. A common misperception is that 
the impacts are caused by a reduction in the heat transfer area of the refrigerant in the condenser, but in fact this impact
is negligible, and the true impact is the increase in condensing pressure. Kim et al. (2006) note that these gases raise
condensing pressure, and could cause a malfunction of a thermostatic expansion valve (TXV), and compressor damage
in some extreme cases. Although NC faults are believed to be common, relatively few studies have investigated their
effects and behavior. Chen and Braun (2000, 2001) and Mowris et al. (2012) defined NC fault intensity as the ratio of
the total NC mass to the total refrigerant mass, while Kim et al. (2006, 2009), Cho et al. (2014), and Domanski et al.
(2014) defined it as the ratio of the mass of dry nitrogen gas to the mass that would occupy the full system at 
atmospheric pressure. The latter definition would give a maximum intensity of 100% if the system were open to the
environment prior to charging.
Chen and Braun (2000, 2001) found that cooling capacity decreased around 33% with an NC fault intensity of 0.13%.
Mowris et al. (2012) tested the NC fault on TXV and non-TXV equipped systems. They found that both cooling
capacity and COP decreased by 12% for the TXV-equipped system with NC fault intensity of 0.3%, and the FXO 
system had a 38% reduction in COP with 1% fault intensity (1% fault intensity using this definition correlates to about
1.5 atmospheres, so it is unlikely to occur under normal circumstances). Kim et al. (2006, 2009), Cho et al. (2014),
and Domanski et al. (2014) found that with 20% fault intensity the maximum degradation of COP was about 5%.
Li and Braun (2007a, b) describe a commonly used method to detect NC faults by finding the temperature residual of
the condenser when the system is off. The residual is defined as the difference between saturation temperature 
corresponding to the condenser pressure and the actual condenser temperature. If an NC fault exists, the calculated
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saturation temperature with respect to the measured condenser pressure will be higher than the condenser temperature.
They also gave the theoretical calculation formula based on the Ideal Gas Law and Dalton’s law.
Hu et al. (2021a, 2021b) conducted a comprehensive set of experiments to characterize the impacts of combinations
of multiple simultaneous faults on a heat pump, including improper refrigerant charge (CH), evaporator airflow (EA),
liquid line restrictions (LL), and NC faults. The current paper uses these data to provide an analysis specific to NC
faults. It shows the impacts of NC faults alone, but also shows the incremental impacts caused by adding one, two,
and three additional faults. An additional experimental apparatus was built, and tests were carried out, to test the 
behavior of NC-refrigerant mixture interactions across a range of temperatures. The data are used to study the NC
diagnosis method described by Li and Braun (2007b). A comparison is made between theoretical and experimental
results, and a map is provided to diagnose NC fault intensity.
2. Methodology
2.1 Heat pump test apparatus
The tested system is a nominal 4-ton R410 split system heat pump with actual capacity of 3.67 tons and 18 SEER. It
has a rotary compressor, two accumulators, a compensator to store extra charge in heating mode, two TXVs (one for
heating mode, and another for cooling mode), a muffler to reduce the noise of the compressor, and two plate-fin heat
exchangers. In addition, a Coriolis flowmeter was used to measure the refrigerant mass flow rate, and a set of valves
was employed to impose LL faults and switch between heating and cooling modes. 
Figure 1: Experimental setup with the tested heat pump unit in cooling mode (Hu et al., 2021a)
2.2 Test matrix
The nominal airflow rate for this system is 0.64 m³/s (1350 cfm), defined as EA100 in Table 1. The nominal refrigerant
charge is 8.30 kg (18.3 lb), defined as CH100. The LL fault intensity is defined as the ratio of pressure drop across
the liquid line to the compressor lift without faults under the “A” testing condition in AHRI Standard 210/240 (2017).
More detail on LL faults can also found in Hu et al. (2021d). The fault intensity of NC is defined as a mass ratio, but
for practical implementation, based on the Ideal Gas model, it is the ratio of the pressure of the injected nitrogen at 35
°C prior to charging, to atmospheric pressure, consistent with the definition of Kim et al. (2006, 2009). As noted
above, with this definition NC100 corresponds to a system open to the atmosphere prior to charging. Precise control 
of NC fault intensity is difficult because the nitrogen cools as it is injected and its pressure increases as it warms to 35
°C. This is why our highest level is NC105. The fault-free and single faults were tested under four operating conditions
(Table 1), while simultaneous faults were only tested under the “A” condition, because of the consistency of the trends
found for each single fault impact under the four operating conditions. Due to the recommended maximum discharge
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
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temperature of 105 °C, four triple-fault and twelve quadruple-fault combinations could not be tested. Therefore, 117
simultaneous fault tests were carried out: 37 double, 56 triple, and 12 quadruple fault combinations.
From a practical standpoint of applying these results in the field, there is a clarification that should be made regarding
the nominal refrigerant charge. Commonly, split systems are charged during installation using rules that rely on
subcooling or suction superheat. The CH fault intensities in this study are based on a mass fraction of the nominal
fault-free charge, following the manufacturer’s guidance. But failure to fully evacuate a system prior to adding charge
will affect superheat and subcooling, so that it is likely that NC faults in the field will be accompanied by a CH fault.
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*Corresponds to rating conditions A and B used in AHRI Standard 210/240 (2017).
2.3 NC diagnosis test method
The residual defined by Li and Braun (2007a) to use in diagnosing NC is presented as the following formula:
𝑟𝑁𝐶 𝑃𝑟𝑒𝑓,𝑣𝑎𝑝𝑜𝑟 𝑣𝑓𝑔 
∆𝑇 = ( ) 𝑇𝑚𝑒𝑎𝑠 (1)𝑥𝑟𝑒𝑓 ℎ𝑓𝑔 
where 𝑟𝑁𝐶 is the mole ratio of NC gas to the total refrigerant, 𝑥𝑟𝑒𝑓 is the quality of refrigerant in the refrigerant liquid-
vapor mixture, 𝑃𝑟𝑒𝑓,𝑣𝑎𝑝𝑜𝑟 is the refrigerant partial pressure (saturation pressure at measured temperature 𝑇𝑚𝑒𝑎𝑠), ℎ𝑓𝑔 is
the enthalpy of vaporization at measured temperature, 𝑣𝑓𝑔 is the specific volume change of vaporization at the
measured temperature, and 𝑇𝑚𝑒𝑎𝑠 is the measured temperature of the refrigerant and NC inside the system.
To isolate the variables of interest, and reduce the time to come to equilibrium, a special apparatus was developed for
testing (Figure 2). There are pressure sensors at each end to measure the total pressure, 15 thermocouples are installed
on the surface of the pipe to measure the average temperature of NC and refrigerant. An uncertainty analysis can be
found in Hu et al. (2021a). The volume (32 L) of this apparatus is the same as our tested heat pump, which was
determined with injected nitrogen mass and the Ideal Gas Law.
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
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Figure 2: Test apparatus for NC fault
3. RESULTS AND DISCUSSION
3.1 Fault impacts
Figure 3 shows the impact of NC faults alone on the normalized cooling capacity and COP at four operating conditions.
The cooling capacity had small variations at NC49, decreased by 1-4% at NC105. The COP decreased by around 2%
at NC49 and 5-7% at NC105. Kim et al. (2006, 2009), Cho et al. (2014), and Domanski et al. (2014) found that the
maximum degradation of COP at 20% NC fault intensity was about 5%, but had little impact on capacity. Our system
performed more robustly in the presence of NC faults. We speculate that some components, such as the two
accumulators, compensator, and a larger condenser contribute to this robustness.
Figure 3: Impacts of NC faults on the normalized cooling capacity (left) and COP (right)
Figure 4 to Figure 9 show the incremental performance impacts of adding an NC fault to another fault at the A 
operating condition. For example, the leftmost red circle in Figure 4 shows that adding NC49 to a system with CH70
reduces the capacity by 8% compared to CH70 alone. An “X” mark shows the impact of the NC fault alone
(duplicating series A in Figure 3), for easier comparison. This example shows the synergy between faults; the NC49
impact alone is negligible, but it exacerbates the problem of undercharge significantly. Not all combinations have
synergistic impacts on capacity. EA80, for example, shows a minor increase, although it is within experimental
uncertainty. The NC collects in the condenser, increasing condensing temperature, which increases heat rejection,
canceling some of the mass flow reduction impact on capacity. However, as Figure 5, Figure 7, and Figure 9 show,
NC added to other faults always reduces COP, because it increases compressor lift.
Hu et al. (2021b) note that the impacts of EA faults on capacity tend to be fairly independent of the presence of other
faults, i.e. they tend to follow the superposition principle. This is supported by the results shown in Figure 4, in which
NC impacts combined with EA are all below 3%. The trends for COP are similar to the cooling capacity impacts, but
are generally larger in magnitude.
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
  
          
 
           
 
 
          
 
                  
            
            
               
              
        
           
                
            
   
 
              
                
                
              







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4: Impacts of NC faults with one other fault on the normalized cooling capacity
Figure 5: Impacts of NC faults with one other fault on the normalized COP
Figure 6 and Figure 7 show the added impacts of NC faults when combined with pairs of CH, EA, and LL faults.
Since these faults occur during installation, it is reasonable to assume that a poor installation could result in multiple
simultaneous faults. The figures are split into three parts to fit all of the many combinations onto the page. For
combinations of EA faults with CH80 or CH120, we again see that adding NC49 to the combination has very little
impact on capacity (Figure 6) or COP (Figure 7). However, when NC105 is added to these combinations, we do see
an incremental impact. A TXV can accommodate many fault impacts, but only until it reaches its opening limit. This
will cause nonlinearity in the fault intensity-impact relationship, and is a likely explanation for this difference between
the NC49 and NC105 results, as well as other results where clear linear trends do not appear. This also explains why
the largest impacts throughout the study come from CH70 cases and LL32 cases, each of which tends to cause the
TXV to open.
Figure 8 and Figure 9 present the incremental impacts of NC when combined with simultaneous CH, EA, and LL 
faults. For the combinations with CH120, the effects on capacity of adding an NC fault are still very minor. The COP
is more sensitive to the addition of NC. For instance, when the combination of CH120 + LL32 + EA120 has NC105
added, the COP decreased by 9%. A summary of the maximum variations in capacity and COP caused by combining
NC faults with zero, one, two, and three other faults under the “A” operating condition is presented in Table 2.
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Figure 6: Impacts of NC faults with two other faults on the normalized cooling capacity:
a) CH and EA faults, b) LL and CH faults, c) LL and EA faults
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Figure 7: Impacts of NC faults with two other faults on the normalized COP:
a) CH and EA faults, b) LL and CH faults, c) LL and EA faults
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Figure 8: Impacts of NC faults with three other faults on the normalized cooling capacity
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Fault Intensity (FI) 
Figure 9: Impacts of NC faults with three other faults on the normalized COP
Table 2: Max. and min. additional impacts caused by adding NC faults to other fault (or no fault) conditions
Fault No. (type) Combination Min. Combination Max.
Single (capacity) NC105 -1.1% NC49 -0.1%
Single (COP) NC105 -4.8% NC49 -1.7%
Double (capacity) NC105 + CH70 -12.2% NC49 + EA80 +1.1%
Double (COP) NC105 + CH70 -15.7% NC49 + CH120 -0.8%
Triple (capacity) NC105 + CH80 + LL22 -17.6% NC49 + EA80 + CH80 +1.9%
Triple (COP) NC105 + EA120+ CH70 -15.1% NC49 + EA80 + CH80 -0.3%
Quadruple 
(capacity)
NC105+ EA60 + CH80 + 
LL22
-17.2% NC49 + EA60 + CH120 + LL22 +0.8%
Quadruple (COP)
NC105+ EA60 + CH80 + 
LL22
-19.6% NC49 + EA120 + CH120 + LL22 -0.8%
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210040, Page 9
3.2 NC fault detection results
Based on the model of Eq. 1, the calculated residuals, T, for five ambient temperatures and four CH levels are
presented in Table 3. The model shows that the residual increases as the CH level increases or the NC level increases.
However, the sensitivity of the CH level to the residual is relatively small. Table 4 shows the experimental residual
results. The trend is similar to the theoretical results, but the magnitudes are higher than theoretical values. Since the
residual is insensitive to the CH level, average values from the four CH levels can be used in generalizing the result
in a form based upon temperature and residual only. Equation 2 gives a regression model that can be used to predict 
NC fault intensity in a diagnostic application, based upon these measurements. The standard error is less than 6%. 
% (2)
Table 3: Theoretical calculations of residuals for 40 scenarios
NC Fault Intensity =50% (16 g N2) NC Fault Intensity =100% (32 g N2)
Residual T (°C) Residual T (°C)
𝑇𝑎𝑚𝑏 (°C) 0 10 20 30 40 𝑇𝑎𝑚𝑏 (°C) 0 10 20 30 40
CH70 1.53 1.20 0.94 0.74 0.57 CH70 3.06 2.40 1.89 1.48 1.14
CH80 1.57 1.23 0.97 0.76 0.59 CH80 3.15 2.47 1.94 1.52 1.18
CH100 1.66 1.31 1.03 0.81 0.63 CH100 3.33 2.61 2.06 1.62 1.26
CH120 1.76 1.39 1.10 0.87 0.68 CH120 3.53 2.80 2.20 1.74 1.36
Table 4: Experimental results of residuals for 40 scenarios
NC Fault Intensity =50% (16 g N2) NC Fault Intensity =100% (32 g N2)
Residual T (°C) Residual T (°C)
𝑇𝑎𝑚𝑏 (°C) 0 10 20 30 40 𝑇𝑎𝑚𝑏 (°C) 0 10 20 30 40
CH70 2.39 2.00 1.68 1.45 1.13 CH70 4.06 3.43 2.88 2.39 1.91
CH80 2.44 2.08 1.79 1.43 1.11 CH80 4.08 3.51 2.93 2.41 1.94
CH100 2.46 2.09 1.76 1.43 1.14 CH100 4.21 3.53 2.94 2.43 1.97
CH120 2.53 2.13 1.78 1.45 1.15 CH120 4.28 3.67 3.05 2.49 2.02
AVG 2.46 2.08 1.75 1.44 1.13 AVG 4.16 3.54 2.95 2.43 1.96
4. CONCLUSIONS
This paper investigates NC fault impacts on the cooling capacity and COP of a split system. It shows the incremental
impact of NC on top of zero, one, two, or three other faults. In addition, a proposed method for detecting NC faults 
(Li and Braun, 2007a, b) is experimentally validated, and a new diagnostic model is provided. The following
conclusions can be drawn:
• The impact of single NC faults at different operating conditions is relatively homogeneous. Increasing the
NC fault intensity always decreased the cooling capacity and COP. The impacts were more significant on
COP. This system was less impacted by NC than previously studied systems.
• When combined with other faults, the trends of NC faults were still similar to the NC fault alone, but the
changes in magnitude depended on the combinations of fault types and intensities. NC combined with
undercharge or LL work synergistically, impacting performance more than the superposition of impacts.
• Experimental validation of a theoretical method to detect NC shows that the residuals are higher than the
theoretical values. The increased sensitivity of the residuals means that in practice, the theoretical calculation
would tend to overestimate the NC fault intensity.
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
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CH refrigerant charge TXV thermostatic expansion valve
COP coefficient of performance v specific volume
Δ difference quality
EA evaporator airflow relative performance variation
FDD fault detection and diagnosis Subscripts
FXO fixed orifice expansion device COP coefficient of performance
h enthalpy f fluid
LL liquid line restriction g gas
NC non-condensable gas meas measured
P pressure NC non-condensable gas
r mole ratio Q cooling capacity
SEER seasonal energy efficiency ratio ref refrigerant
SF single faults surf surface 




AHRI (2017). Performance Rating of Unitary Air-conditioning & Air-source Heat Pump Equipment. AHRI Standard
210/240-2017, Air-Conditioning & Refrigerant Institute, Arlington, VA, USA.
Chen, B. & Braun, J.E. (2000). Simple fault detection and diagnostics methods for packaged air conditioners.
Proceedings of the 8th International Refrigeration Conference, Paper 498, West Lafayette, IN, USA. 
Chen, B.& Braun, J.E. (2001). Simple rule-based methods for fault detection and diagnostics applied to packaged air
conditioners. ASHRAE Trans., 107, 847-857.
Cho, J.M., Heo, J., Payne, W.V., Domanski, P.A., (2014). Normalized performance parameters for a residential heat
pump in the cooling mode with single faults imposed. Appl. Therm. Eng., 67 (1), 1–15.
Domanski, P.A., Henderson, H.I., Payne, W.V., (2014), Sensitivity analysis of installation faults on heat pump
performance. NIST Technical Note 1848, NIST, Gaithersburg, MD, USA.
Hu, Y., Yuill, D.P., Ebrahimifakhar, S.A., Rooholghodos, A., (2021a). An experimental study of the behavior of a
high efficiency residential heat pump in cooling mode with common installation faults imposed. Appl. Therm. 
Eng., 184, 116116.
Hu, Y., Yuill, D.P., Rooholghodos, S.A., Ebrahimifakhar, A., Chen, Y., (2021b). Impacts of simultaneous operating
faults on cooling performance of a high efficiency residential heat pump. Energy Build. (In Press).
Hu, Y., Yuill, D.P., Rooholghodos, S.A., (2021c). Interactions between Refrigerant Charge Level and Other
Installation Faults on the Behavior of a Residential Heat Pump in Cooling Mode. (In Review).
Hu, Y., Yuill, D.P., Chen, Y., (2021d). Experimental Quantification of Liquid Line Temperature Drop as a Feature to
Detect Liquid Line Restriction Faults in a Residential Heat Pump. (In Review).
Kim, M, Payne, W.V., Domanski, P.A., Hermes, C.J.L. (2006). Performance of a Residential Heat Pump Operating
in the Cooling Mode with Single Faults Imposed. NISTIR 7350, NIST, Gaithersburg, MD, USA.
Kim, M., Payne,W.V., Domanski, P.A., Yoon, S.H., Hermes, C.J.L. (2009). Performance of a residential heat pump
operating in the cooling mode with single faults imposed. Appl. Therm. Eng., 29 (4), 770–778.
Li, H. & Braun, J. E., 2007a. Decoupling Features and Virtual Sensors for Diagnosis of Faults in Vapor Compression
Air Conditioners. Int. J. Refrig., 30 (3), 546-564
Li, H. & Braun, J. E., 2007b. A Methodology for Diagnosing Multiple-Simultaneous Faults in Vapor Compression
Air Conditioners. HVAC&R Res., 13 (2), 369-395.
Mowris, R., Jones, E., Eshom, R. (2012). Laboratory measurements of HVAC installation and maintenance faults.
ASHRAE Trans., 118 (2), 165–172.
ACKNOWLEDGEMENT
This work was supported by the Building America Program of the U.S. Department of Energy's Office of Energy
Efficiency and Renewable Energy (EERE) under Building Technologies Office agreement DE-EE0008689. The heat
pump was provided by AHRI. We are grateful to Dave Coziahr for his expertise and assistance with its installation.
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
